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Summary
Boundary formation and epithelialization are crucial
processes in the morphological segmentation of ver-
tebrate somites. By a genetic screening procedure
with zebrafish, we identified two genes, integrina5
(itga5) and fibronectin (fn), required for these pro-
cesses. Fibronectin proteins accumulate at somite
boundaries in accordance with epithelialization of the
somites. Both Fibronectin accumulation and the epi-
thelialization are dependent on itga5, which is ex-
pressed in the most medial part of somites. Although
somite boundaries are initially formed, but not main-
tained, in the anterior trunk of the mutant embryos
deficient in either gene, their maintenance is de-
fective at all axial levels of embryos deficient for both
of these genes. Therefore, Integrin5-directed assem-
bly of Fibronectin appears critical for epithelialization
and boundary maintenance of somites. Furthermore,
with an additional deficiency in ephrin-B2a, the seg-
mental defect in itga5 or fn mutant embryos is ex-
panded posteriorly, indicating that both Integrin-Fibro-
nectin and Eph-Ephrin systems function cooperatively
in maintaining somite boundaries.*Correspondence: stakada@nibb.ac.jpIntroduction
Somites are metameric epithelial segments transiently
formed along both sides of the embryonic body axis.
Epithelial somites are generated repeatedly in an ante-
rior to posterior (A-P) order by pinching off from the
anterior end of the unsegmented mesenchymal precur-
sor tissue, called the presomitic mesoderm (PSM). Prior
to morphological segmentation, a segmental prepattern
is established in the PSM (Holley and Takeda, 2002;
Pourquie, 2003; Rida et al., 2004). This process is driven
by a molecular oscillator, referred to as the segmenta-
tion clock, in which the Notch signaling pathway and
various hairy/Enhancer of split-related (Hes in humans
and mice and her in zebrafish) genes are involved. In
contrast, the molecular mechanisms underlying mor-
phological segmentation, including intersomitic bound-
ary formation and somite epithelialization, are not yet
clearly understood.
Molecular events occurring in the anterior PSM lead
to morphological segmentation. In the mouse, the A-P
polarization within a presumptive somite is established
prior to the morphological segmentation by the Notch
signaling and Mesp2, a bHLH transcription factor (Saga
and Takeda, 2001; Takahashi et al., 2000). In addition,
the T-box transcription factor fused somites (fss)/tbx24,
which was identified by a large-scale screening of ze-
brafish, as well as Foxc winged helix transcription
factors (Kume et al., 2001; Topczewska et al., 2001) also
play essential roles in the formation of the proper A-P
polarity in the anterior and/or intermediate PSM (Ni-
kaido et al., 2002; van Eeden et al., 1996). Molecular
interaction between cells with posterior identity and
those with anterior identity at the interface between
presumptive somites appears to result in morphologi-
cal boundary formation, which involves mesenchymal-
to-epithelial transition of cells at the boundaries. Modu-
lation of the Notch activity appears to trigger boundary
formation at the presumptive interface of somites (Sato
et al., 2002). In addition, EphA4-Ephrin interaction at
the presumptive interface of somites also plays a role
in the morphological segmentation (Barrios et al., 2003;
Durbin et al., 1998; Durbin et al., 2000).
Fibronectin may also be involved in the morphologi-
cal segmentation. Fibronectin is a major component of
the extracellular matrix (ECM) and involved in a variety
aspects of cellular processes, including cell-substra-
tum adhesion, cell migration, cytoskeletal organization,
and cell proliferation. Fibronectin signaling is transmit-
ted to the cytoplasmic components through Integrin re-
ceptors on the plasma membrane. During somitogen-
esis, Fibronectin, as well as focal adhesion proteins
paxillin and focal adhesion kinase (FAK), which are acti-
vated by ECM-Integrin association and have a role in
cell adhesion, accumulate at the somite boundary, sug-
gesting that Fibronectin-Integrin association may func-
tion in the formation of the somite boundaries (Craw-
ford et al., 2003; Henry et al., 2001). Actually, the gene
integrina5 (itga5), which encodes a subunit of a Fibro-
nectin receptor, is required for the epithelialization of
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588somites in mice (Goh et al., 1997). Mouse embryos defi-
cient in itga5 die at E9.5 to E10.5 with embryonic and
extraembryonic defects, including arrest of posterior
trunk elongation, absence of posterior somites, and
vascular defects. Furthermore, itga5-null embryos show
defective epithelialization of somites depending on
their genetic background (Yang et al., 1999). Mouse em-
bryos deficient in fn exhibit a similar but stronger phe-
notype than those deficient in itga5 (George et al.,
1993; Yang et al., 1999). For example, no distinctive so-
mite formation is observed in fn-null embryos. How-
ever, although these studies show that Integrinα5 and
Fibronectin are involved in various aspects of somito-
genesis, including epithelialization of somites, the cel-
lular basis of their functions is still unclear.
To gain insight into the mechanism underlying somite
development, we performed an ENU mutagenesis
screening of zebrafish and found that integrina5 and
fibronectin were mutated in embryos showing defective
boundary formation in their anterior somites; although
no somite phenotype had been previously reported for
F
m
(itga5 or fn mutations in zebrafish (Crump et al., 2004;
kTrinh and Stainier, 2004). Precise analysis with these
tmutants strongly suggests that Integrinα5-dependent
raccumulation of Fibronectin proteins is a critical event
(
for the maintenance of somite boundaries and for the a
epithelialization of cells at the boundaries. s
Results
z
iintegrina5 and natter/fibronectin Are Genes
Affected in Zebrafish Mutants Defective g
ein Anterior Somite Development
To better understand the molecular mechanism under- h
tlying somite development, we performed ENU muta-
genesis screening for mutations affecting morphogene- 2
asis of somites in zebrafish. In 615 F2 families, which
corresponded to 662.2 mutagenized genomes, we ob-
otained 15 mutants with defects in the formation of epi-
thelial somites. Five of these mutants showed pheno- r
ptypes similar to those of mutants previously identified,
i.e., fused somite, after eight, deadly seven, beamter, s
tand mind bomb (van Eeden et al., 1996), whereas the
other ten showed distinctive phenotypes different from T
sthem. In five of them, the anterior two to ten somites
were fused, whereas the posterior somites formed nor- a
imally (Figure 1). Complementation analysis among these
five mutations defined three complementation groups: t
rGroup 1, kt293, kt451, and kt664 mutations; Group 2,
kt259; and Group 3, kt443 (see Table S1 in the Supple- 2
tmental Data available with this article online). The
Group 2 mutant, kt259, showed less severe somite de- m
sfects than the mutants of Groups 1 and 3 because the
ventral boundary of its somites often developed (Fig- w
pures 1D and 1E). The phenotypes of the remaining five
mutants were distinct and will be reported elsewhere. w
jTo gain insight into the newly identified somite phe-
notypes, we first focused on Groups 1 and 2 and iso- d
slated the genes affected by these mutations. Mapping
analysis with SSLP markers indicated that kt293 (Group i
i1) was located close to z5141 (2/150 recombinants/
meioses) on LG23, whereas kt259 (Group 2) was lo- (
icated within the interval between z25375 (11/320) andigure 1. Isolation of Zebrafish Mutants Defective in Anterior So-
ite Development
A and B) Morphological phenotypes of kt293 (Group 1 [A]) and
t259 (Group 2 [B]) embryos at the 16-somite stage. In these mu-
ants, the anterior somites are fused (brackets), whereas the poste-
ior somites form normally (arrows).
C–E) Morphology of anterior somites of wild-type (C), kt293 (D),
nd kt259 (E) at the 18-somite stage. Arrowheads in (E) indicate the
omite boundaries formed on the ventral side.31778 (2/320) on LG9 (Figures 2A and 2E). Interest-
ngly, itga5 has been mapped to a site close to the re-
ion suspected to be mutated in kt293; and fn, which
ncodes a specific ligand for the Integrinα5β1 receptor,
as been mapped to the region suspected to be mu-
ated in kt259 (Crump et al., 2004; Trinh and Stainier,
004; Zhao et al., 2001). Thus, we tested itga5 and fn
s candidate genes for these mutations.
We found a polymorphism within an intron sequence
f itga5 (see Experimental Procedures) and detected no
ecombinant of this polymorphic marker with the kt293
henotype in 177 meioses (Figure 2A). Sequence analy-
is of itga5 in kt293 revealed a deletion of four nucleo-
ides that cosegregated with the mutant phenotype.
his mutation leads to a frameshift, resulting in synthe-
is a truncated version of the Integrinα5 protein. We
lso found a T to C nucleotide substitution in the splic-
ng donor site of the fourth intron in the kt451 allele
hat resulted in truncation before the third β-propeller
epeat, an important region for ligand binding (Figure
D) (Johansson et al., 1997; Springer, 1997). Because
hese two truncated forms of Integrinα5 lack the trans-
embrane domain at the carboxyl terminal region, we
uppose that these two alleles are null. To test further
hether dysfunction of Integrinα5 leads to the mutant
henotype, we carried out knockdown experiments
ith morpholino antisense oligonucleotides (MO). In-
ection of two individual MOs specific for itga5 inhibited
evelopment of the anterior somite boundaries as ob-
erved in the Group 1 mutants (Figure 2B); whereas the
njection of control MOs, carrying a 5-base substitution
n each itga5 MO, did not cause any significant effects
Figure 2C). Furthermore, injection of the wild-type
tga5 RNA at the 1-cell stage rescued the anterior so-
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589Figure 2. Mutated Genes of Group 1 and 2
Encode integrina5 and fibronectin, Respec-
tively
(A and E) By use of SSLP markers, kt293 (A)
and kt259 (E) were mapped to LG23 and
LG9, respectively. Genetic distance from the
mutation to each Z marker is denoted on the
left side in cM.
(B, B#, C, and C#) Embryos injected with
itga5 MO (B, B#) and its control MO with a
5-base substitution (C, C#) at the 14-somite
stage. itga5 MO-injected embryos exhibit
unclear boundaries between anterior so-
mites. An arrow in B# indicates a position
where somite boundary appears unclear in
an itga5 MO-injected embryo, whereas an
arrow in C’ indicates the corresponding axial
level to the arrow in B#.
(D) Schematic diagrams of Integrinα5 protein
encoded by wild-type, kt293, and kt451 al-
leles. Zebrafish Integrinα5 has a signal se-
quence (SS), 7 β-propeller repeats (light blue
boxes), and a transmembrane domain (TM).
Amino acid sequences demonstrated to be
important for the ligand binding ability and
the homotypic interaction are indicated.
(F, F#, G, and G#) Embryos injected with fn
MO (F and F#) and its control MO with a
5-base substitution (G and G#) at the 14-
somite stage. fn MO-injected embryos also
exhibited unclear boundaries between ante-
rior somites. As in the case of itga5 MO-
injected embryo, an arrow in F# indicates a
position where somite boundary appears un-
clear in an fn MO-injected embryo, whereas
an arrow in G# indicates the corresponding
axial level to the arrow in F#.
(H) Schematic diagrams of Fibronectin pro-
tein encoded by wild-type and kt259 allele.
Type I (light blue ovals), type II (pink
squares), and type III (yellow squares) re-
peats are shown. Amino acid sequences
demonstrated to be the most important for
Integrinα5β1 receptor recognition are indi-
cated.mite fusion phenotype of all alleles in this complemen-
tation group (see Table S2 in the Supplemental Data).
Thus, we concluded the gene responsible for the so-
mite phenotype in the Group 1 mutants to be zebra-
fish integrina5.
We also identified a polymorphism within an intron
sequence of fn (see Experimental Procedures) and de-
tected no recombinant of this polymorphic marker with
the kt259 phenotype in 798 meioses (Figure 2E). Geno-
mic sequence analysis of fn in kt259 revealed an A to
T substitution (AAG to TAG) that resulted in premature
translational termination at codon 241 (Figure 2H). Be-
cause this truncated protein lacks almost all functional
domains, including RGD and the synergy site, PPSRS,
this kt259 allele is likely null. As in the case of itga5,
injection of two individual MOs specific for fn, but notcontrol MOs, caused somites defect similar to those
seen in the kt259 mutant (Figures 2F and 2G). Recently,
the gene responsible for the natter mutant phenotype,
which shows defective myocardial migration, had been
identified as fn (Trinh and Stainier, 2004). We confirmed
that complementation crosses between kt259 and the
tl43c natter mutants produced embryos with defective
anterior somite-boundary formation at the Mendelian
frequency expected for noncomplementation of the
natter mutation. Furthermore, as observed in natter
mutants, the myocardial precursors were distributed
into two separate populations away from the midline in
kt259 mutants at 24 hr postfertilization (hpf), whereas
they fused at the midline to form a heart tube in normal
siblings (data not shown). Therefore, we concluded that
the new mutation, kt259, is allelic to the natter mutant.
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2The Somite Boundary Is Generated Normally,
iBut Not Maintained in integrina5
aand fibronectin Mutants
eTo elucidate the function of Integrinα5 and Fibronectin
fin somitogenesis, we examined the expression patterns
wof genes involved in the segmentation process in the
4somites and PSM of itga5 and fn mutants. The expres-
Fsion of myoD in the anterior somites was aberrant in
ethe mutants; that is, the expression domains in the
neighboring somites often fused (Figures 3A–3C). On
the other hand, the expression of her1 and mesp-b, A
Bwhich are considered to have important roles in the pre-
patterning of somite segmentation (Durbin et al., 2000; B
sHenry et al., 2002; Holley et al., 2002; Oates and Ho,
2002; Sawada et al., 2000), were normal in the PSM of p
pitga5 and fn mutants (Figures 3D–3I). These observa-
tions suggest that the early segmentation process in it
s
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tFigure 3. The Somite Boundary Is Generated Normally, But Not
Maintained in integrina5 and fibronectin Mutants 2
s(A–I) Expression patterns of myoD at the 10-somite stage, her1 at
the 5-somite stage, and mesp-b at the 5-somite stage in wild-type s
(A, D, G, respectively), itga5 (B, E, H, respectively), and fn (C, F, p
I, respectively) mutant embryos. Anterior at the top. Although the o
expression domains of myoD in somites have fused in the mutants
a(brackets), her1 and mesp-b are expressed normally in the PSM.
4(J–L and J#–L#) Morphological phenotypes of wild-type (J and J#),
ditga5 (K and K#), and fn (L and L#) mutant embryos during early
somitogenesis. Anterior at the left. Each pair of photos show the p
same embryo at the 5 (J–L)- and 10 (J#–L#)-somite stage. In the
mutants, somite boundaries are seen at the 5-somite stage (K and p
L) but are not obvious at the10-somite stage (K# and L#).
phe PSM proceeds normally in these mutants but that
omite boundaries did not develop normally.
To examine the process of the defective boundary
ormation in itga5 and fn mutants more precisely, we
ext observed the morphology of the anterior somites
rom early- to midsomite stages. At the 5-somite stage,
omite boundaries were observed in both itga5 and fn
utants; especially, the boundary between the newly
ormed somites and PSM was conspicuous (Figures
J–3L). By the 10-somite stage, however, the bound-
ries had disappeared in the anterior somite areas in
hese mutants (Figures 3J#–3L#). In contrast, the
oundaries between posterior somites were normal
ven in later stages. This transient boundary formation
as also observed in embryos injected with itga5 or fn
O (data not shown). These results indicate that mor-
hologically distinct boundaries are initially generated,
ut not maintained, in the anterior somites in both itga5
nd fn mutant embryos.
ntegrina5 and fibronectin Are Expressed in the
daxial Cells and the Tailbud, Respectively
o better understand where and how Integrinα5 and Fi-
ronectin function to maintain somite boundaries, we
ext examined the expression patterns of itga5 and fn
y in situ hybridization (Figure 4). At the 1-somite stage,
tga5 expression was seen in the PSM (Figures 4A and
B) and at the anterior edge of the neural plate (Figure
C) (Crump et al., 2004). At the 8-somite stage, itga5
as expressed in the medial part of somites in a seg-
ental manner (Figure 4D) as well as in the PSM, the
nterior neural tissue, and mesenchymal cells around
he otic vesicles (Figures 4E and 4F) (Crump et al.,
004). Two-color staining for myoD and itga5 expres-
ion at the 12-somite stage revealed that itga5 was
egmentally expressed in the adaxial cells overlap-
ingly with myoD (arrowheads in Figure 4G). On the
ther hand, fn was expressed strongly in the notochord
nd weakly in the PSM at the 1-somite stage (Figure
I). As somitogenesis proceeded, fn expression was re-
uced in the notochord and became stronger in the
osterior PSM (Figures 4J–4L).
Previous studies showed that Notch signaling com-
onents and the Fss/Tbx24 transcription factor play im-
ortant roles in somite-boundary formation in the PSM
Holley et al., 2000; Holley et al., 2002; Nikaido et al.,
002). We thus examined the expression patterns of
tga5 and fn in after eight (aei)/deltaD mutant embryos
nd in fss mutant embryos (Figures 4M–4T). itga5-
xpressing domains in the adaxial cell region were
used in aei and in fss mutants (Figures 4N and 4R),
hereas fn expression was not altered (Figures 4P and
T). These results indicate that Notch signaling and
ss/Tbx24 activity in the PSM regulate the segmental
xpression pattern of itga5.
ccumulation of Fibronectin Protein at Somite
oundaries Is Dependent on integrina5
ecause Fibronectin is secreted into the extracellular
pace, in situ hybridization analysis does not provide
recise information about the spatial distribution of this
rotein during somitogenesis. Thus, we carried out an
mmunostaining experiment with anti-Fibronectin poly-
Integrin and Fibronectin Regulate Somitogenesis
591Figure 4. Expression Patterns of integrina5 and fibronectin
(A–H) Expression of itga5 in wild-type embryos at the 1-somite stage (A–C), 8-somite stage (D–F), and at 24 hpf (H). Dorsal (A, D, and G),
vegetal (B and E), animal (C and F), and lateral (H) views are shown. itga5 is expressed in the adaxial cells and the PSM during somitogenesis.
Arrowheads indicate the overlapped expression of itga5 and myoD. Two-color in situ hybridization with itga5 (purple) and myoD (red) probes
at the 12-somite stage (G). itga5 is expressed at the anterior edge of the neural plate and around the otic vesicles (C and F). Expression of
itga5 in the somites is reduced at 24 hpf (H).
(I–L) Expression of fn in wild-type embryos at the 1 (I)-, 8 (J)-, 16 (K)-somite stages and at 24 hpf (L). Dorsoposterior (I), posterior (J and K),
and lateral (L) views. During somitogenesis, fn is expressed in the tailbud (I–K). At 24 hpf, fn is expressed the tailbud and the otic vesicles (L).
(M–T) Expression of itga5 (M, N, Q, and R) and fn (O, P, S, and T) in aei (M–P) and fss embryos (Q–T) at the 14- and 8-somite stage, respectively.
The insets in (M) and (N) and in (Q) and (R) provide higher magnification views. itga5-expressing domains in the adaxial cell region are fused
in aei and fss mutants, whereas fn expression in the tailbud has not changed.clonal antibody to gain further information about the
place where Fibronectin functions. As previously re-
ported (Crawford et al., 2003), Fibronectin protein was
detected at somite boundaries in wild-type embryos
(Figures 5A and 5B). The deposition of Fibronectin pro-
tein was prominent anterior to border 1 (B1) betweenSI (the newly segmented somite) and SII but was less
obvious at B0, the boundary between SI and the PSM
(Figures 5C and 5D) (Pourquie and Tam, 2001). Thus,
the protein accumulated gradually at somite bound-
aries after they had once formed. This Fibronectin ac-
cumulation appears to be consistent with the pheno-
Developmental Cell
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(A–D) Horizontal sections of the anterior somites (A and B) and the newly formed somites (C and D) stained with anti-Fibronectin antibody (A
and C) and phalloidin (B and D) in wild-type embryos at the 9-somite stage. Anterior at the left. The Fibronectin signal is localized at somite
boundaries. Arrows in (C) and (D) indicate the newly formed boundary. Fibronectin accumulation is not obvious. Nonspecific staining is
observed in the epidermis.
(E–J) Parasagittal sections of the anterior somites in wild-type (E and F), itga5 mutant (G and H), and fn mutant embryos (I and J) stained with
anti-Fibronectin antibody (E, G, and I) and phalloidin (F, H, and J) at the 9-somite stage. Fibronectin accumulation at somite boundaries is
diminished in the mutants.
(K–N) Horizontal sections of the anterior somites in wild-type (K and L) and itga5 mutant (M and N) stained with anti-FAK[pY397] phosphospec-
ific antibody (K and M) and phalloidin (L and N) at the 10-somite stage.
(O–T) Parasagittal sections of the posterior somites in wild-type (O and P), itga5 mutant (Q and R), and fn mutant embryos (S and T) stained
with anti-Fibronectin antibody (O, Q, and S) and phalloidin (P, R, and T) at the 16-somite stage. The scale bar represents 20 m.type of fn mutants because fn is required, not for (
mgeneration of the somite furrow occurring at B0 but for
its maintenance anterior to this position. p
aIn embryos homozygous for fn/natkt259, the Fibronec-
tin accumulation at somite boundaries was diminished t
win the anterior trunk (Figure 5I). Unexpectedly, the accu-
mulation was not observed at somite boundaries in the d
anterior trunk of itga5 homozygous mutant embryos
(Figure 5G), although fn mRNA was normally expressed s
m(data not shown). These results suggest that the accu-
mulation of Fibronectin at the boundary of somites is z
nimportant for the maintenance of the boundaries and
that itga5, expressed in the adaxial cells, is required b
afor this accumulation. In accordance with Fibronectin
accumulation, FAK, which is a downstream component h
cactivated by Fibronectin, is accumulated at somite
boundary and its phosphorylation level is increased bCrawford et al., 2003; Henry et al., 2001). In itga5 ho-
ozyogous mutant embryos, the accumulation of
hosphorylated FAK was not detected at the bound-
ries between anterior somites (Figure 5M), suggesting
hat the activation of Fibronectin-dependent signaling
as actually defective at somite boundaries in accor-
ance with the defective accumulation of Fibronectin.
In contrast to its defective accumulation in anterior
omites, Fibronectin accumulated normally at the so-
ite boundaries in the posterior region of itga5 homo-
ygous mutant embryos, where the boundaries formed
ormally between the somites (Figure 5Q). In addition,
inding of anti-Fibronectin antibody was also detected
t the somite boundaries in the posterior region of fn
omozygous mutants (Figure 5S). These results indi-
ate that the accumulation of Fibronectin at the somite
oundaries is closely correlated with the boundary for-
Integrin and Fibronectin Regulate Somitogenesis
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used in this study appear to be null, these results sug-
gest that some other genes compensate for the loss
of function of Integrinα5 or Fibronectin in the posterior
somites. Especially, positive immunostaining with the
anti-Fibronectin antibody in the fn mutants suggests
that proteins closely related to Fibronectin in structure
function in the formation of posterior somite bound-
aries.
Epithelialization of Somites Is Aberrant in integrina5
and fibronectin Mutants
During somite formation, the cells adjacent to the so-
mite boundary acquire epithelial cell characteristics,
i.e., a columnar shape and apical localization of the
centrosome (Barrios et al., 2003). To investigate
whether the accumulation of Fibronectin at somite
boundaries is involved in this mesenchymal-to-epithe-
lial transition, we examined the morphology and the
centrosome position in the cells located at somite
boundaries in itga5 and fn mutant embryos (Figure 6).
In wild-type embryos, the columnar cell shape and po-
larized centrosome positioning were observed at levels
anterior to B1, but not at B0 (Figures 6A–6E). In con-
trast, in itga5 or fn mutant embryos, the cells formerly
located at the boundaries between anterior somites
were round and had centrosomes that were randomly
positioned in their cytoplasm (Figures 6F–6M and data
not shown), whereas the cell shape and centrosome
positioning appeared normal at those between poste-
rior somites, where the accumulation of FibronectinFigure 6. Cell Polarity in Somites Is Aberrant in integrina5 Mutants
Horizontal sections of the newly formed somite in a wild-type embryo (A–E) and of the anterior somites in wild-type (F–I) and itga5 mutant
embryos (J–M) stained with anti-γ-Tubulin antibody (A, F, and J) and phalloidin (B, G, and K) at the 9-somite stage. High-magnification views
of the boxed area in (C), (H), and (L) are shown in the right panels (D, E, I, and M, respectively). The scale bars represent 20 m (L) and 10
m (M), respectively. Anterior at the left. Arrows and stars in (C) and (E) indicate the newly formed boundary and the other somite boundaries,
respectively. Stars in (A)–(I) indicate somite boundaries. In wild-type embryos, centrosomes are localized apically (F–I), whereas centrosomes
in the mutant cells formerly adjacent to the boundary (arrowheads in [L]) are positioned randomly (L and M).was observed (data not shown). Thus, the accumula-
tion of Fibronectin at the somite boundaries appears
to be required for the epithelialization of the somite-
boundary cells, which assures the maintenance of so-
mite boundaries.
integrina5 and fibronectin Are Also Required for the
Maintenance of Posterior Somite Boundaries
In embryos deficient for itga5 or fn, the approximately
ten anteriormost somites eventually fused, whereas the
boundaries between posterior somites were main-
tained. itga5 and fn, however, are expressed throughout
the A-P length of the somites during normal develop-
ment, suggesting that itga5 and fn may have roles even
in posterior somite development. Injection of both MOs
specific for itga5 and fn caused loss of somite bound-
aries even in the posterior trunk in addition to the ante-
rior one (Figures 7A–7C). Furthermore, as in the case of
the anterior region, the boundaries were initially formed
between newly formed somites in the posterior region
but then fused as they mature in later stages (data not
shown). Therefore, itga5 and fn are involved in the
maintenance of somite boundaries not only in the ante-
rior but also in the posterior trunk.
Integrin-Fibronectin and Eph-Ephrin Systems
Function Cooperatively in the Maintenance
of Somite Boundaries
In addition to the Integrin-Fibronectin system, Eph-
Ephrin signaling has been proposed to be involved in
the morphological segmentation of somites (Barrios et
Developmental Cell
594Figure 7. Integrin-Fibronectin System and
Ephrin-B2a Function Redundantly during
Posterior Somite Development
(A–C) itga5 MO (A)-, fn MO (B)-, and itga5
and fn MO (C)-injected wild-type embryos at
the 10-somite stage. itga5 and fn double
morphants show much more severe defects
in somites than either single morphants.
(D–F) Noninjected (D) and efnb2a MO-injected
(E and F) wild-type embryos at the 15 (D and
E)- and 18 (F)-somite stage. High-magnifica-
tion views of the newly formed somites in
(D)–(F) are shown in the lower panels ([D#]–
[F#], respectively). Arrowheads indicate the
anteriormost edge of the PSM. In efnb2a
MO-injected embryos, the newly formed ap-
proximately four somite boundaries on the
ventral side are unclear at the 15-somite
stage (E and E#) but become obvious at the
18-somite stage (F and F#).
(G–J) Noninjected (G and I) and efnb2a MO-
injected (H, J, and J#) itga5 mutant embryos
at the (G and H) 14- and (I, J, and J#) 20-
somite stage. efnb2a MO-injected itga5
mutant embryos show much more severe
defects in somites than either efnb2a MO-
injected or itga5 mutant embryos. Distinct
boundaries are initially formed even between
posterior somites (arrowheads in [J#]).al., 2003). To assess the correlation between these two b
asystems, we examined whether genes involved in these
systems were genetically interactive in the boundary e
fformation between somites. We examined the pheno-
type of embryos deficient for both itga5 and ephrin-B2a t
m(efnb2a), one of the ephA4 ligands expressed segmen-
tally in the paraxial mesoderm. First, wild-type embryos o
ainjected with efnb2a MO showed a delay in somite-
boundary formation on the ventral side during early p
isomitogenesis (Figures 7D and 7E), although complete
somite boundaries were eventually established by the s
n18-somite stage (Figure 7F). In contrast, efnb2a MO in-
jection into itga5 mutant embryos caused severe defects b
in somite-boundary formation: that is, almost all somites
fused (Figures 7H and 7J). In these MO-injected em- D
bryos, distinct boundaries were initially formed be-
tween newly formed somites at the posterior end (Fig- D
Iure 7J#) but were not maintained in later stages,
indicating that both Integrin-Fibronectin and Eph- T
pEphrin systems are required for maintenance of somiteoundaries in the posterior region. The molecular char-
cteristics of the posterior segmental process in these
mbryos appeared to be identical to those observed
or the anterior segmental process in itga5 or fn mu-
ants; i.e., at the 18-somite stage, the expression of
yoD was fused in both anterior and posterior somites
f the MO-injected itga5 mutants, whereas that of her1
nd mesp-b was normal (data not shown). A similar
henotype was also obtained by injecting efnb2a MO
nto fn mutant embryos (data not shown). These results
trongly support the model that the Integrinα5-Fibro-
ectin system functions in the maintenance of somite
oundary in cooperation with the Eph-Ephrin system.
iscussion
issection of Morphological Processes
nvolved in Somite Segmentation
he formation of the somite boundary is an important
rocess in the development of the metameric struc-
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595tures of vertebrate embryos. Although genetic mecha-
nisms involved in generating the segmental pattern in
the PSM has been extensively studied, the cellular ba-
sis of the morphological segmentation has remained
elusive. As a result of this study, we propose that the
process of somite-boundary formation can be subdi-
vided into two steps: (1) initial establishment and (2)
maintenance of the boundary.
We showed that Integrinα5 and its ligand, Fibronec-
tin, play important roles in morphological segmentation
of somites in zebrafish embryos. Fibronectin deposition
was minimal at the newly formed boundary (B0) be-
tween the first newly formed somite (SI) and the anteri-
ormost edge of the PSM, but Fibronectin progressively
accumulated at the boundaries as the somites mature
(Figure 5). Thus, Fibronectin accumulates at the somite
boundary after the morphological boundary has been
generated. Interestingly, this accumulation was dis-
rupted not only in the fn mutant but also in the itga5
mutant embryos in the anterior trunk, indicating that
Fibronectin accumulated at somite boundaries in Integ-
rinα5-dependent fashion. Furthermore, in the anterior
regions of these mutants, somite boundaries were ini-
tially formed, but not maintained (Figure 3). Thus, Integ-
rinα5-dependent Fibronectin accumulation at somite
boundaries is likely to be essential for maintenance, but
not for initial establishment of the formation of morpho-
logical boundary between somites. In other words, the
morphological process of somite-boundary formation
can be subdivided into the maintenance step, in which
Fibronectin accumulation appears to be required, and
the initiation step, which proceeds without this accu-
mulation.
Mechanism of Fibronectin Accumulation
at the Boundaries of Somites
Our results allow us to propose a model for the mecha-
nism underlying the accumulation of Fibronectin, which
is essential for the maintenance of the somite bound-
ary. This accumulation was disrupted in the anterior
trunk of zebrafish embryos deficient in itga5 or fn (Fig-
ure 5). Thus, the Fibronection accumulation is depen-
dent on Integrinα5. Interestingly, itga5 was not ex-
pressed in cells at the boundary but rather in the
adaxial cells, which exist in the most medial part of so-
mites (Figure 4). Therefore, Integrinα5 proteins on the
plasma membrane of the adaxial cells are likely re-
quired for the accumulation of Fibronectin at the somite
boundaries. One possible mechanism to explain this In-
tegrin-dependent accumulation of Fibronectin is the so-
called Fibronectin fibrillogenesis (Schwarzbauer and
Sechler, 1999). In this case, the binding of Fibronectin
to its receptor, Integrinα5β1, may trigger off sequential
intermolecular bindings between Fibronectin proteins,
leading to the formation of a Fibronectin matrix. Thus,
Integrinα5 may function as an indispensable anchor to
form a laterally elongated Fibronectin matrix along the
initially generated intersomitic furrows. An ectopic
grafting of the adaxial cells or Integrinα5-expressing
culture cells into paraxial mesoderm may reveal
whether Integrinα5 can trigger the assembly of Fibro-
nectin.Roles of Fibronectin in the Epithelialization
of Boundary Cells
Concomitant with segmentation boundary formation,
epithelialization takes place in cells at the boundary.
These cells acquire a columnar morphology accompa-
nied by apical relocalization of their centrosome (Bar-
rios et al., 2003). In wild-type embryos, the acquisition
of a columnar shape and the establishment of cell po-
larity were not yet observed at the newly formed
boundary (B0) but were found in boundary cells anterior
to B1, in accordance with the Fibronectin accumulation
(Figures 5C and 5D and 6A–6E). This observation sug-
gests that accumulated Fibronectin at the boundary
promoted epithelialization. In fact, in the anterior trunk
of itga5 or fn mutant embryos, in which the Fibronectin
accumulation was defective, the boundary cells were
round and exhibited a random positioning of the
centrosome within their cytoplasm.
Little is known about the molecular mechanism ac-
counting for the accumulated Fibronectin leading to
further epithelialization. No receptor that binds to Fibro-
nectin and transmits this signal to an intracellular sig-
naling pathway has yet been identified in cells at the
somite boundary. Localization and activation of Integrin
signaling components, however, supports the idea that
Integrin-mediated cell-matrix interaction is involved in
the somite development. For instance, focal adhesion
kinase (FAK) and paxillin, which are recruited to the In-
tegrin receptor when this receptor binds to matrix and
associates with the actin cytoskeleton, have been
shown to be concentrated at somite boundaries (Craw-
ford et al., 2003; Henry et al., 2001). At these bound-
aries, FAK is phosphorylated on Tyr397, indicating that
the Integrin signaling is activated. In contrast, we
showed that this phosphorylated form of FAK was com-
pletely abolished in itga5 mutants (Figures 5K–5N). This
result strongly suggests that Integrin-mediated cy-
toskeletal reorganization is involved in the process of
epithelialization induced by Fibronectin.
Other components that might be involved in this pro-
cess are Rho family GTPases Cdc42 and Rac1, known
to be major regulators of cytoskeletal rearrangement
(DeMali et al., 2003). In chick embryos, Cdc42 plays a
role in the binary decision of somite cells between epi-
thelial and mesenchymal states. On the other hand, the
proper level of Rac1 is required for somite epithelializa-
tion (Nakaya et al., 2004). At present, it is not certain
whether these two Rho family GTPases are involved in
the Integrin-Fibronectin-dependent process or in some
other process in somite epithelialization. Further
studies to address this question are awaited.
Difference in Segmental Defects between Anterior
and Posterior Somites in itga5 or fn Mutant Embryos
In contrast to those in the anterior region, the somite
boundaries in the posterior region clearly formed in
itga5 or fn mutant embryos. In these mutants, anti-
Fibronectin antibody bound along somite boundaries in
the posterior region of either itga5 or fn mutant embryo
(Figures 5O–5T). This accumulation of immunoreactivity
toward anti-Fibronectin antibody may explain the reason
why the somite-boundary formation proceeded in the
posterior region of itga5 or fn mutant embryos. Further-
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596more, this observation also provides more insight into s
mthe mechanism of the somite-boundary formation. Be-
cause the itga5 mutant alleles used in this study are t
mlikely to be null, this observation may imply that the
somite-boundary formation and the assembly of Fibro- i
wnectin can proceed without Integrinα5. Furthermore,
because the truncated proteins produced by the fn mu- n
stant allele are not likely to assemble each other, the
accumulated immunoreactivity at the posterior inter- 7
isomitic boundaries suggests that another molecule im-
munoreactive with anti-Fibronectin antibody accumu- b
slates at somite boundaries in this region. Because a
fibronectin related zebrafish gene has been identified, t
pthis fn related gene may function in the posterior re-
gion. Together, some genes encoding Integrinα5- or Fi- t
tbronectin-related proteins may function in the posterior
region in place of Integrinα5 or Fibronectin. F
tIf the molecular machinery that compensates for the
loss of itga5 or fn functions in the posterior region, a E
scorrelation between this machinery and Integrinα5-
Fibronectin system should be revealed. Interestingly, in t
cembryos deficient for both itga5 and fn, the boundary
formation was defective in both posterior and ante- i
drior regions. In this embryo, almost all boundaries were
absent along the entire body axis, and only a few w
Tboundaries formed between the most posterior somites
throughout somite-forming stages. Because these bound- b
taries were diminished in later stages, itga5 and fn are
also required for the maintenance of somite boundaries c
ieven in the posterior region. Thus, itga5 and fn function
in the maintenance of the somite boundary along the F
entire body axis; either itga5 or fn is required for the
Eboundary maintenance in the posterior region, whereas
both genes are required in the anterior region. Thus, the
Ftotal amount of Integrin and Fibronectin proteins may
A
be critical for the maintenance of the somite boundary, u
and the required amount may be different for the pro- a
mcess between the anterior and the posterior regions.
E
wRoles of Eph-Ephrin System
oin Morphological Segmentation
Eph-Ephrin signaling has been implicated in the bound- (
2ary formation of somites and epithelialization of cells at
cthe boundary. The expression of ephA4 is restricted to
one or two rows of cells in the most anterior region of
Gthe presumptive somites as well as to those cells in
kthe newly formed somite. In contrast, ephrin-B2a and
T
ephrin-A1, which encode ligands for the EphA4 recep- b
tor, show graded expression within the presumptive so- r
Tmites as well as in the somites with the highest expres-
msion being in posterior cells adjacent to the forming
mboundary. Disruption of Eph-Ephrin signaling by injec-
ttion of RNA encoding dominant-negative forms of Eph
G
and Ephrins results in defects in boundary formation of p
somites (Durbin et al., 1998). Furthermore, restoration T
of EphA4-Ephrin signaling in fss mutant cells, in which
EphA4 expression is lost and somite boundary and epi- I
Mthelial somites are not formed, results in the formation
aof morphological boundaries and the epithelialization
sof EphA4-expressing cells (Barrios et al., 2003; Durbin
C
et al., 2000). Thus, Eph-Ephrin signaling appears to play T
roles in most aspects of boundary formation of somites C
Tand epithelialization of cells at the boundary. Under ourtudy conditions, we found that the Eph-Ephrin system
ay function redundantly with Integrin-Fibronectin sys-
em in the boundary formation between posterior so-
ites; because little boundary formation was observed
n itga5 or fn mutant embryos defective in efnb2a,
hereas the posterior boundary formation appeared
ormal in embryos defective in either itga5 or fn, or only
lightly delayed in those defective in efnb2a (Figures
D–7J). Furthermore, even with an additional deficiency
n ephrin-B2a, the initial establishment of somite
oundaries occurred normally in itga5 mutant embryos,
uggesting that Ephrin-B2a also functions in the main-
enance of somite boundaries (Figure 7J#). Thus, in our
resent study, the function of the Eph-Ephrin system in
he maintenance of the boundary was highlighted, and
his function appears to parallel that of the Integrin-
ibronectin system. Because efnb2a is expressed in
he most posterior region of somites, some unidentified
ph molecule that is expressed in the anterior region of
omites may participate as an Ephrin-B2a receptor in
his process. Our study indicates that the morphologi-
al segmentation of vertebrate somites can be divided
nto two processes: boundary establishment, which
oes not require itga5 and fn, and its maintenance,
hich is dependent on these genes as well as efnb2a.
o understand the mechanism underlying the somite-
oundary formation and the epithelialization of cells at
he boundaries, we also need to identify the other mole-
ules involved in these processes and to examine the
nteraction between such molecules and the Integrin-
ibronectin system.
xperimental Procedures
ish Strains and Mutant Screening
ll studies on wild-type zebrafish (Danio rerio) were carried out
sing fish having the TL2 closed colony background (Kishimoto et
l., 2004). Three previously identified mutant strains, fused so-
itesti1, after eighttr233, and nattertl43c, were also used in this study.
mbryos obtained from natural crosses were maintained in egg
ater (0.03% artificial sea salt in reversed osmosis water) at 23°C
r 28°C.
ENU-based mutagenesis was performed as described previously
Kishimoto et al., 2004). F3 embryos were screened at the 15- to
0-somite stage by morphological observation under a stereomi-
roscope.
enetic Mapping
t293 and kt259 heterozygous fish were mated with wild-type
uebingen fish to generate F1 families. Homozygous mutant em-
ryos were obtained from the F1 crosses. Then we performed PCR
eactions for specific SSLP markers by using their genomic DNA.
he PCR was performed under the following conditions: 94°C for 1
in, 57°C for 1 min, and 72°C for 1 min (30 cycles). To map the
utations, we designed SSLP markers within intron regions of in-
egrina5 and fibronectin (itga5 SSLP primers, 5#-TATATAGAAATT
AAATAGC-3# and 5#-AACCGTGATTAATTGCATCC-3#; fn SSLP
rimers, 5#-CTGTCTGTTTTTAATCTAGG-3# and 5#-ATTGTTGGTAG
TTTCCCTG-3#).
njection of Morpholino Oligonucleotides and RNA
orpholinos (GeneTools) and a capped RNA synthesized by using
n mMESSAGE mMACHINE (Ambion) were injected into 1-cell-
tage embryos at a concentration of 2–3 mg/ml (itga5 MO1, 5#-
ATAGTAACCGATGTATCAAAATCC-3#; itga5-5mis MO1, 5#-CATAc
AACgGATcTATgAAAAaCC-3#; itga5 MO2, 5#-ACTGCTTTATTAAA
TTCTTTCACA-3#; itga5-5mis MO2, 5#-ACTcCTaTATTAAAgTTa
TTaACA-3#; fn MO1, 5#-CCGTGCCCAAAGGGCCACCAAACAT-3#;
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597fn-5mis MO1, 5#-CgGTGCCgAAAGcGCCAgCAAAgAT-3#; fn MO2,
5#-CACAGGTGCGATTGAACACGCTAAA-3#; fn-5mis MO2, 5#-CAg
AGcTGCGATTcAAgACGgTAAA-3#), 5 mg/ml (efnb2a MO, 5#-AAT
ATCTCCACAAAGAGTCGCCCAT-3#), or 0.1 mg/ml (itga5 RNA) in
distilled water.
In Situ Hybridization and Immunohistochemistry
In situ hybridization experiments were performed as described pre-
viously (Nikaido et al., 1997). For immunostaining, embryos were
fixed in 4% PFA/PBS for 1 hr at room temperature. For detection
of Fibronectin and pFAK[Y397], embryos were permeabilized with
0.5% Triton X-100 in PBS at room temperature for 1.5 hr, rinsed
with PBS, and then incubated in 2% BSA, 10% DMSO, and 0.2%
Triton X-100 in PBS. For γ-Tubulin, embryos were permeabilized by
acetone treatment at −20°C for 5 min, washed in PBST (0.1% Triton
X-100 in PBS), and then incubated in blocking solution (5% serum
in PBST). Polyclonal anti-fibronectin antibody (Fibronectin Ab-10,
NeoMarkers), polyclonal anti-FAK [pY397] phosphospecific anti-
body (BioSource International), and monoclonal anti-γ-Tubulin anti-
body (GTU-88, Sigma) were used at 1:500, 1:200, and 1:1000 dilu-
tions, respectively. Alexa 488 goat anti-rabbit IgG and Alexa 488
goat anti-mouse IgG (Molecular Probes) were used as secondary
antibodies at a 1:250 dilution. Rhodamine-phalloidin (Molecular
Probes) was added at a 1:200 dilution to the solution containing a
secondary antibody to detect F-actin. Embryos were washed with
PBSDT (1% DMSO and 0.1% Triton X-100 in PBS; for Fibronectin
and FAK[pY397]) or with PBST (for γ-Tubulin) at room temperature
after incubation with each antibody. The specimens were embed-
ded in 5% agar and cut into 50-m sections with a microslicer and
then observed by LSM510 confocal laser scanning microscopy
(Zeiss).
Supplemental Data
Supplemental Data include two tables and are available with this
article online at http://www.developmentalcell.com/cgi/content/
full/8/4/587/DC1/.
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